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SPECIFICATION 
TOUCH SENSOR WITH NON-UNIFORM RESISTIVE BAND 
p IP lri of Thft Invention 

W The MO of me present invention relates totouch sensor technoiogy, 

Baclcground Of Th » invention 
[00 0 2] Touch sensors are transparent or opague input devices for computers 

^.eitherfro.ause.s^er.orast.usorso.eottteroevioe.T.nsparen, 
de vices such as cathode ray tuoe(CRT) monitors and liguid crysta, displays, to 

15 phones, personal digital assistants, and video games. 

[0003] The dominant touch technologies presently in use are res,st,ve, 

are transparen,devicestha,respond,oatouch b y— ing the touch pos„,on 
20 ^matestoahostcomputer. An important aspect of touchscreen performance ,s 

wit ,„atouch sensitive area iocated on the, ouch sensor (i.e., the touch region, 

,0004! Fig s.1aand1 b illus,ra«eatypicalresistivetouchscreen20inwh,c, 
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x- and y-directions by electrically exciting subsets of electrodes located on the 
touchscreen. Resistive touchscreens of this type are typically known as 5-wire 
touchscreens (in contrast to 4-wire touchscreens in which x- and y- gradients are 
applied to distinct layers). When the resistive touchscreen is touched, the x- and y- 
5 coordinates of the touch location can be determined based on a measured voltage 
potential. As illustrated in Figs. 1a and 1b, the voltage gradients applied to a 
touchscreen can be represented as equipotential lines (i.e., lines along which the 
voltage is constant). These equipotential lines (shown as dashed lines) generally 
extend between the top and bottom sides of the touchscreen (Fig. 1 a) to provide a 
,0 means for determining the x-coordinate of the touch location, and generally extend 
between the left and right sides of the touchscreen (Fig. 1b) to provide a means for 
determining the y-coordinate of the touch location. Also shown in Figs. 1a and 1b is 
the direction (solid lines) of associated current flow as a consequence of the spatially 
varying potentials in the touchscreen. 
15 [0005] Resistive touchscreen data are simplest to process when the 

relationship of measured potentials on the touchscreen is related to Cartesian 
coordinates in a simple and well-understood manner. In the mathematically simplest 
case, the measured potentials in the x- and y-directions are linearly related to the 
coordinates a. the point touched. In this manner, the space defined by the voltage 
20 gradients can be directly mapped to the Cartesian space. For ideal linear 

touchscreen performance, the equipotential lines, i.e., lines along which the voltage 
is constant, must be perfectly straight lines, as shown in Figs. 1a and 1b. Though 
many schemes have been proposed, commercial implementations of resistive 
touchscreens have generally employed linear relationships between measured 
25 potentials and spatial coordinates. For example, touchscreens that utilize complex 
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peripheral discrete electrode patterns, such as those found in Elo TouchSystems' 
AecuTouch™ products and disclosed in U.S. Paten. No. 5,045,644, may be used to 
generally provide such linearity (at leas, a. a predefined distance from the peripheral 
electrode patterns). 

5 [0006] in simpler touchscreen designs, the measured potentials in the x- and 

directions may be not be linearly related, i.e., the equipotential lines are not 
straight. One of the simplest designs is that shown in the computer simulated 
touchscreen 10 of Figs. 2a and 2b. This configuration consists of four electrodes 12 
in the form of quarter-circles located a. the comers of a rectangular, uniformly 
,0 inducting touchscreen 10. Fig. 2a illustrates the equipotentials 14 when a unit 
potential difference is applied in the .direction between the left and right electrode 
pairs, resulting in equipotential lines 14 that generally run in the y-direction. Fig. 2b 
illustrates the equipotentials 14 when the potential difference is maintained in the y- 
direction between the top and bottom electrode pairs, resulting in equipotential lines 
15 14 that generally run in the .direction. The term "generally is used to stress that 
the uniform fields or equipotentials need not necessarily run parallel to the x- or y- 
axes There is distortion (i.e., equipotentials are not evenly spaced nor are they 
parallel to the x- and y-axes), since the electrodes 12 are no, designed to produce 



uniform fields. 



Ml liciuo. 

[0007] Although the equipotential lines 14 illustrated in Figs. 2a and 2b are 
non-linear, the space defined by the equipotential lines can be mapped to the 
Cartesian space in many cases. In this manner, every point on that touchscreen 
surface must have a unique value for . he pair o, potentials a, that point. In topology, 
tnis uniqueness is expressed in ,erms of "topological equivalence." Two surfaces 
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are topological* equivalent when a., points on one surface can be mapped to unique 
points on the other surface. 

[0008] When the voltage gradient is applied in the x-direction. let the voltage 
potential a, any given touch location (x.y) be represented by the 2-D function v(x,y). 

function be represented by w(x,y>. Note that in genera,, both the potential functions 
v(x y) and w(x,y) are functions o, both x and y. Because of this interdependence o, 
potential upon both x and y, a single potential measurement cannot uniquely specify 
either x or y. Consequently, it is not possible to measure x independent of y, and y 
10 i „dependen.o,x.Thepairofpo.entials [ v(x,y,,w,x,y),,however,unique,y,ansforms 

,o a point P(x,y, in the Cartesian space under certain conditions. Thus, with th,s 
uniqueness, operations can be found that will map the pair [v(x,y).w<x.y)1 to a unique 
point P(x,y) in the Cartesian space. 

[0009] The electrode configuration illustrated in Figs. 2a and 2b would at first 
,5 glance appear to be satisfactory when used under the umbrella of topological 

mapping concepts. Compared to linear touchscreens, non-linear touchscreens may 
be more economical to produce and demand less energizing power. Although the 
computational demands upon the processor mayincrease in order to uniquely map 
the measured potentials onto the Cartesian surface, the non-linear solution becomes 

improves. 

[00010] As long as there is topological equivalence between the equipo.en.ial 
surface and the Cartesian surface, the use of non-linear architectures remains a 
viable soiution.lt can be seen from Figs. 2a and 2b that an equipo.ential pair can be 
25 transformed to unique Cartesian coordinates over almost the entire area of the 
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resistive surface, in the vicinity of the eiectrodes 1 2, however, there remains a 
probiem of uniqueness. If a circular electrode is polarized in the x-direction, 
equipotentials near the circle are essentially circular and if polarized in the y- 
direction. these equipotentials are also essentially circular. Thus, the two 
5 equipotentials will be substantially coliinear (i.e., parallel to each other). Because it 
is the intersection of these two equipotentials at a single point that uniquely 
determines the touch position, each pair of equipotentials created at a particular 
point in this small region near the electrodes 12 will not in practice uniquely 
transform to a Cartesian coordinate. This results in regions around the electrodes 
,0 that are no. suitable as a touch region-an undesirable effect in todays highly 
competitive touchscreen market. This will be referred to as the ■poor-crossing- 
problem, and the regions where this occurs as the -poor-crossing" regions. 

[00011] This poor-crossing problem is exacerbated by noise or uncertainty in 
the measurement o, the voltage potentials, which tends to blur the intersection points 
15 of equipotential lines, such that a unique position cannot be determined within the 
poor-crossing region. Thus, the poor-crossing problem may exist even if the 
equipotential pair intersects-albeit at shallow angles. For example, Fig.3 illustra.es 
the intersection of two equipotentials, v and w formed from alternately biasing the 
touchscreen in two directions. The scale is magnified, such that the equipotentials 
20 are approximately linear over the region shown. The variances in the equipotentials, 
6v and 5W, due to noise and voltage-measurement uncertainty are also illustrated. 
Thus, the apparent touch position wiil have a displacement from the true touch 
position within this region. If v is measured as v * ». and w as w ± 6w, then the 
possible errors in touch position are given by the four radial vectors from the v-w 
25 intersection. There are two unique magnitudes for the radial error depending upon 



PATENT 
ELG054 US1 
(24773-7032872001) 

the orientation of the equipotentials and signs of the voltage errors. The radial error 

j^Vw^Vvl (he of the) e|ectric fields 

can be calculated as. Ec- j^— 

0v - 8v - d 

for the horizontal and vertical biases are written as Vv = + ^ J 

V„ = ^i + ^j, with /and ;as unit vectors in the x and y directions, respectively. 

dx dy 

and6 w This corresponds to the correlated error Ec Note that when the error 
voltages. 6v and 6w, are consistently correlated, the radial error is large (as given by 
tn e formula)* two diagonal quadrants and smaller in the other two quadrants ofa 
simple rectangular touchscreen. The relative correlated error at any point on the 
10 touchscreen can be evaluated by taking 5v=5w=oV and determining Ec/AV, where 
the sign of the numerator is always chosen to maximize the result. The above 
equation clearly shows that, i, the two equipotentials intersect atashallow angle or if 

regions in Figs. 2a and 2 b. A similar calculation can also be performed where the 
,5 error voltages, 5v and 6w, are uncorrected or partially oorrelated. Such cases 
generally tend to show the same problems of uniqueness in the poor-crossing 
regions. 

[00012] Various electrode configurations that are not circular, such as L 
configurations, can be visualized to decrease the size of these poor-crossing 

extent involves placing bands of intermediate resistivity (i.e., forming a frame) 
be «ween the low resistivity electrodes themselves and surrounding the high resistivity 
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touch region. In this manner, an effective way to transition from perfectly conductive 
electrodes situated at the four corners of the touchscreen and the touch region is 
achieved. 

[00013] For example, the touchscreen 20 illustrated in Figs. 1a and 1b 
comprises a resistive substrate 22 forming a touch region 24, four electrodes 26 
disposed in the respective corners of the substrate 22, and an intermediate resistive 
band 28 (i.e., frame) formed between the touch region 24 and electrodes 26. In the 
case where the resistance of the touchscreen 24 is very large compared to the 
resistance of the resistive band 28, the equipotentials are linear as shown. In 
contrast, in a case where the resistance of the touchscreen 24 is not very large 
compared to the resistance of the resistive band 28, the equipotentials are non- 
linear. When designing the touchscreen 20, the ratio of the frame resistance over 
the substrate resistance, referred herein as the resistance ratio p, must be balanced 
between two countervailing factors— low-power consumption and linearity. This 
resistance ratio p will play an important role in the discussion that follows. Before 
proceeding, let us define it carefully. First of all, p is shorthand notation for either p x 
or p Y , which refer to the resistance ratio for x- and y-excitations respectively. Let 
R.eft, Rnght, Rtop, and Rbottom, be the resistances of band segments 28a, 28b, 28c, and 
28d respectively. These are the resistances of the band segments between the 
electrodes 26 under the hypothetical assumption that the band segments 28a, 28b, 
28c, and 28d are electrically isolated from the touch region 24 and from each other. 
We define the band resistance in the x-direction as r x = Rtop II Rbottom = Rtop * Rbottom / 
(R to p + Rbottom), and the band resistance in the y-direction as r y = Rieft II Rnght = Run * 
Rnght / (Rieft + Rright). Let the resistance of the hypothetical^ isolated touch region 24 
in the x-direction be Rx and the resistance in the y-direction be Ry- For example, if 
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the touch region 24 has a uniform resistivity of p 0 , a width W and a height H, then R x 
= p 0 *W/H and R Y = po*H/W. The resistance ratios in the x- and y-directions are p x = 
r x / Rx and p Y = r Y / R Y . These resistance ratios p simultaneously provide a 
qualitative measure of power efficiency and a degree of non-linearity of the 
5 equipotential lines. 

[00014] Specifically, if the resistance ratio p is very low (p«1), nearly perfect 
equipotentials are impressed onto the touchscreen— so good in fact that no 
topological or nonlinear mapping is required. However, it can also be mathematically 
proven that in the limit of small p, p is the power efficiency of the touchscreen, 
10 namely the fraction of power consumed by current flow in the touch region in 

contrast to power consumed in the band segments. Unless the substrate resistivity 
is very large (greater than a few thousand ohms/square), such low p designs lead to 
touchscreens of less than a few ohms resistance, drawing too much power. This is 
especially significant if the touchscreen is to be placed into hand-held, battery- 
15 powered devices, such as Personal Digital Assistants (PDAs). In general, for any 
given substrate resistivity, power consumption decreases with increasing resistance 
ratio p. If topological mapping is employed, however, the equipotential lines may be 
allowed to distort, thus allowing reduced power consumption. However, if the 
resistance ratio p becomes very high (P»1), while the touchscreen power efficiency 
20 approaches 1 00%, the equipotentials tend to circle around the electrodes for both 
directions of excitation, as illustrated in Fig. 2a and 2b, thereby forming poor- 
crossing regions near the electrodes. 

[00015] Even with elaborate topological mapping methodologies, the 
coordinates near the electrodes are difficult to determine uniquely. This problem 
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could be addressed by increasing the effective border width of the touchscreen by 
simply masking off the perimeter region touch area. Excessive border width, 
however, is very undesirable from the point-of-view of compactness. Furthermore, 
some modem software applications with graphical user interfaces place much higher 
5 demands on touchscreen performance along the edges and corners of the touch 
region than was true ten or twenty years ago. Accuracy improvements in these 
comer regions are very desirable in order to reduce the maximum error on the 
touchscreen and to make its response more uniform. 

[00016] There thus remains a need to improve the topological equivalence 
,0 between the equipotential space and an external coordinate system near the 
electrodes of resistive touchscreens. 

Iiimmary ™ Thc Invention 
[00017] The present inventions are directed to a touch sensor that comprises 
a substrate having a resistive touch region. The substrate can either be transparent, 
15 for example, if the touch sensor is a touchscreen, or the substrate can be opaque, 
e.g„ if display capability is not required. The touch sensor further comprises a set o, 
eiectrodes electrically coupled to the touch region. The electrodes can either be 
mounted directly to the substrate or can be mounted to another structure, such as, a 
cover sheet, that comes into electrical contact with the touch region. In one 
2„ preferred embodiment, the touch sensor is configured, such that the electrodes 
generate non-linear voltage gradients across the touch region. The touch sensor 
can also assume a capacitive architecture, in which case, a dieieotric coating can be 
applied to the substrate over the resistive touch region. 

[00018] The touch sensor further comprises a. resistive band that frames the 
25 touch region. The resistive band is an intermediate resistive band in that it has a 
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to uch region. The resistive band is continuous or guasi-continuous along a. leasta 
p or,iono f itsien g .h,pre,era bl yt h eentire,en 9 .ho f t h e b and. in this manner, the 
outer edges o, the worKabie touch region extends aii the way, or very Cose, «o the 
band, thereby maximizing the effective touch region. 

[00019] in accordance withafirs. aspect o, the present inventions, the touch 

vari esa,ongi«slength. 

distance thatissmaiies, in the center region of the band segment, butinaeases 

Computer simuiations have shown that the eiectricaifieid strength in the comers, 
increased, thereby reducing the errors in these corners. 

[00020, in accordance with a separate second aspect of the present 

The touch sensor aisogenera.es measurable information indicative ofagiven 

re sis,ive band that has a substantially non-uniform linear resistance. The l.near 
stance of the band can be varied in any one ofavahetyof manners, including 

[00021] The touch sensor system further comprises control electrons 
ooupledtothe electrodes for receiving the touch information and measurable 

as eg,amappinga,gori«hm„o determine the coordinates of the location ofthe 
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touch in the touch regioh based on the touch information, and modifies the algorithm 
based on the measurable information. 

[00022] Although the present invention should not be so limited in its 
broadest aspects, the use of an appropriate intermediate resistive band, especially if 
5 it has at least one band segment with a non-uniform linear resistance, will improve 
the topological equivalence within the corner regions, thereby making the algorithm 
modification process simpler. 

[00023] in accordance with a separate third aspect of the present inventions, 
at leas, one band segment comprises a continuous resistive background material 
10 and an array of electrically conductive elements disposed along at leas, a lengthwise 
portion of .he band segmen.(s)over the background material. The conductive 
elements have a resistivity that is lower than the resistivity of the background 
material. Although the present invention should no. be so limited in its broadest 
aspects, the addition of the conductive elements allows the linear resistance of the 
15 band to be more easily controlled and manufactured. 

[00024] in one preferred embodiment, the conductive elements are generally 
arranged parallel to each other, and each extends perpendicularly relative to the 
lengthwise band portions,. The background materia, can be topological divided 
into resistive segments. In this case, each electrically conductive element has a 
20 fractal width defined by the dimension of the conductive element along the 
respective lengthwise portion over the sum o, the dimension of the corresponding 
resistive segment along the lengthwise portion and the dimension of the conductive 
element along the lengthwise portion. In order to provide better control of the linear 
resistance of the band, the fractional width of electrically conductive elements is 
25 substantially less than unity, preferably less than 0.9 and more preferably, within the 
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ra „ge of 0.2 to 0.8, depending upon the resistivity of the background materia! and 
the desired resistance ratio B. The fractional width of electrically conductive 
elements can either be uniform, in which case, the linear resistance of the band will 

generally not vary, or can vary between the electrically conductive elements, in 
5 which case the linear resistance of the band will vary along its length. Additionally, 
,he linear resistance may be controlled by varying the width of the band 
perpendicularly relative to the lengthwise portion. To maintain the quasi-continuous 
nature of the band, the spacing between conductive elements is small compared to 
the lengthwise band segment, preferably less than 2 percent, and more preferably 
10 less than 1 percent, of the lengthwise band segment. 

[00025] in one preferred embodiment, the touch region is formed by the 
background material, which simplifies the manufacturing process. If the resistance 
ra ,io 0 is relatively low, however, the background materia, can have a resistivity that 
is between the resistivity o, the electrodes and the resistivity of the touch region, so 
,5 that the fractional width of the electrically conductive elements can be kept well 
below unity. 

[00026] in accordance with a separate fourth aspect of the present inventions 
,he resistive touch region has a non-rectangular geometry. The non-rectangular 
geometry, can be, e.g., trianguiar, pentagonal, or hexagonal. The non-rectangular 
20 geometry can either be planar or non-planar. A set of electrodes is electrically 
coupled to the touch region for generating non-linear voltage gradients over the 
touch region. Notably, many touch regions with non-rectangular geometries will 
have worse topological equivalence than that in touch regions with rectangular 
geometries. As such, the use o, an intermediate resistive band can increase this 
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topological equivalence. The band may have a substantially uniform linear 
resistance for ease of manufacturability, or if greater improvement in topological 
equivalence is desired, the band can have a substantially non-uniform resistance. 
As with rectangular sensors, the resistance ratio can be selected to balance the 
5 needs of power efficiency and ease of topological mapping. 

Rrief Description Of The Drawings 
[000271 The drawings illustrate the design and utility of preferred 
embodiment(s) of the present invention, in which similar elements are referred to by 
common reference numerals. In order to better appreciate the advantages and 
10 objects of the present invention, reference should be made to the accompanying 
drawings that illustrate the preferred embodiment(s). The drawings depict only an 
embodiment(s) of the invention, and should not be taken as limiting ifs scope. With 
this caveat, the preferred embodiment(s) will be described and explained with 
additional specify and detail through the use of the accompanying drawings in 
15 which: 

[00028] Fig. 1a is a plan view of a prior art touchscreen operated to provide a 
voltage gradient in the x-direction; 

[00029] Fig. 1b is a plan view of a prior art touchscreen operated to provide 

a voltage gradient in the y-direction; 
20 [00030] Fig. 2a is a computer simulation of a prior art touchscreen that has 

been biased to provide equipotential lines that generally run in the y-direction and 
that provides a distorted x-coordinate measurement; 

[00031] Fig. 2b is a computer simulation of a prior art touchscreen that has 
been biased to provide equipotential lines that generally run in the x-direction and 

25 that provides a distorted y-coordinate measurement; 
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^Hg-Sisadia^ofmeinte^onoftwoe^a,^ 

takinq into account measurement errors; 

9 [00033]Fi ,. iS a W oc kdi a 8ram o f a — s^c— ,n 

ac co r dancewithonee mb od im ento ft hep re sen«inven,ion; 
5 toooM^.aisapian.ewo.atouCsaeenused^e— en 

^H^aisaco.pu.e,— no— ere .-P*» — 
l „003 8 , F , g .7 bi saco m p Ut ers im u,a ti ono fth e t o U c h s Cr eenof F , g . 5 ,w h ,c 

6b '' ^ ^..-m^.-^*^™" 

^^l.^*.-- — — nbeUSedi " 

the touchscreen system of Fig. 4; 

[000421 Fi8 , 1l sap l anv l e W o f apo r8 ono f ane X a mpl a, — .and, 



20 7b; 
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[00043, Fig. 12 is a computer simulation of the touohsoreen of Fig. 10, which 
has been horizontally and verticaily biased to provide equipotential lines that 

generally run in the x- and y-directions; 

[00044, Fig.nisaplanviewofyetanothertouchscreen.ha.canbeused.n 

5 the touchscreen system of Fig. 4; 

[00045, Flg .14isaplanviewofyetstillanother.ouchscreentha.«nbe 

used in the touchscreen system of Fig. 4; 

[00046, Fig. 15 is a plan view of yet still another touchscreen that can be 

used in the touchscreen system of Fig. 4; and 

[00047, Fig. leisaperspectiveviewofaspherethathasbeentiledwithina 

multitude of touch sensors. 

pg^llgl n^nntion Of Thn Preferred Fmbodiments. 
[00040, Referring to Fig. 4, a resistive touchscreen system 100 constructed 
in accordance with a preferred embodiment of the present invention is described. 
15 Th etouchscreensystem100 g enera,,ycomprisesatouch S creen105(i.e.,atouch 

sensor having a transparent substrate,, controller electronics 110, and a display (no, 
shown, ThetouchscreensystemlOOistypicallycoupledtoahostcomputerHS. 
Generally^ controller electronics 110 sends excitation signals to the touchscreen 
105 and receives analog signals carrying touch information from the touchscreen 

theto uchscreen105. The voltages at the point of contact are representative o, the 
position touched. The controller electronics 110 digitizes these voltages and 
transits these digitized signals, or touch information in digital form based on these 

digitized signals, to the host computer 115for processing. 
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[00049] Referring now to Fig. 5, the touchscreen 105 comprises a substrate 
125 having a touch region 130 that is formed by permanently applying a uniform 
resisfivelayer to one surface o, the substrate 125. Generally, orthogonal voltage 
gradients will be alternately applied over the touch region 130 o, the touchscreen 
5 105 via electrodes 135. In the illustrated embodiment, the touchsaeen system 100 
employs a 5-wire architecture, and thus, leads (no. shown) connect each of the four 
corner electrodes 135 to the controller electronics 110 and a fifth lead (not shown) 
connects a coversheet to the controller electronics 1 10. 

[00050] The touchscreen 1 05 further compnses a band 140 of resistive 

frame the touch region 1 30. The resistive band 140 has an intermediate resistiv„y 
between the low resistivity eleotrodes135and.be high resistivity touch region130, 
so that the adverse effect caused by the poor-crossing regions adjacent the 
electrodes 135 is reduced. Preferably, the selection of the resistive material for the 
,5 band 140, as well as other resistive bands described hereinafter, results in a 
resistance ratio P between 0.1 and 10. 

[00051] Preferably, the resistive band 140 extends continuously along the 
perimeterofthetouch region 130. The electrodes 135 are suitably electrically 
coupled to the substrate 1 25 a* the corners of the resistive band 140. In this 

pand segments 145a-d (left, right, top, and bottom), each of which is continuous and 
b ordersonesideoftherec,angu,ar,ouch region 130. Further details regarding the 
oseo, conductive bands of intermediate resistivity are described in U.S. Patent 
Application Ser. No. 09/262,909, which is expressly incorporated herein by 
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reference. As will be described in further detail below, the resistive band 140 has 
additional unique qualities that operate to further reduce the poor-crossing problem. 

[00052] In accordance with typical 5-wire architectures, x- and y-excitations 
are alternately applied to the touchscreen substrate 125 via the electrodes 135. 
5 Specifically, an x-exci,a.ion is generated by passing current through the touch region 
130 injected a.the right band segment 145b and collected atthe left band segment 
146.. As a result, a voltage gradient is generally created along the x-axis (similar to 
tha, shown in Fig. 2a). A y-exci.a.ion is generated by passing current through the 
touch region 1 30 iniected a, the top band segment 145c and collected a, the bottom 
10 band segment 145d. As a result, a voltage gradient is generally created along the y- 
axis(similar to that shown in Fig. 2b). Although the controller electronics 110 can 
obtain touch information from a 5-wire resistive touchscreen via the voltage 
excitation deschbed above, current injection can also be used with similar results. 
Further details regarding 5-wire resistive touchscreens are found in U.S. Patent Nos. 
15 4 220 815, 4,661,655, 4,731,508, 4,822,957, 5,045,644, and 5,220,136. The 

touchscreen system 1 00 can alternatively employ a 9-wire or capacitive architecture. 
These and other technologies are described in U.S. Paten. Application Ser. No. 
09/705,383, which is expressly incorporated herein by reference. 

[00053] The controller electronics 1 1 0 can map the non-linear equipotentia, 

oan be shown that two polynomials can be constructed to accurately map 
intersections of the equipotentials to unique coordinates. Given two patents (v and 
w) measured as previously described, the following mapping polynomials can be 
used to transform a potential pair M x,y), w(x,y), into Cartesian coordinates x and y: 
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, M=? A v»w»;,M=I>^ , where ,he sum is taken over a,l the terms k 
of , he polynomials with coeffidents A k and B, The degree o, the polynomials for a 
specified acouraoy is dependent upon the uniformity of the e<,uipo.en<ial 
distributions. Alternatively, a look-up-table (LUT) that stores a large array of pre- 
5 defined >,y points corresponding to the field of points in the [v(x,y). w(x,y)l can be 
employed. More alternatively, interpoiafive mapping can be used. Further details 
regarding these and other mapping techniques are disclosed in U.S. Patent 
Application Ser. No. 09/262,g09. 

[00054] Whichever mapping type is used, it has been discovered that a 
,0 resistive band with uniform linear resistance along its length, although generally 
proving the crossover of the equipotentia, lines at the corners of the touch region 
(i e adjacent the electrodes), may still result in equipotential lines that 
disadvantageous* intersect a. shallow angles in these corner regions. As previously 
described, shallow crossover o, equipo.en.ials can adversely affect the coordinate 
15 resolution in this region. 

[00055] It has been discovered that the poor-crossing problem can be 
ameliorated by providing a band that hasalinear resistance that varies along at leas, 
one o, the band segments 145. In the embodimen. illustrated in Fig. 5, each o, the 
band segments 145 has a varying width along its length (i.e., the dimension in the 
2 „ same plane but perpendicular to the length o, .he respective band segment,. 

Specifically, each band segment 145 is tapered in that Lhasa center region 150 that 
has a uniform width, and opposing tapered regions 1 55 that have widths the, 
decrease from .he edge o, .he cen.er region 150 to the comers of the touch region 
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130. This improves the resolution of the equipotential lines in the corner regions, as 
compared to touchscreens with resistive bands of uniform width. 

[00056, For example. Hgs. 6a and 6b illustrate equipotential distributions 
within a touchscreen (with uniformly resistive band segments) that bas been 
5 alternately biased horizontally (Fig. 6a) and vertically (Fig. 6b, by application of 
voltages a. the corner electrodes. Figs. 7a and 7b illustrate equipotential 
distributions within a touchscreen (with tapered resistive band segments) that has 
heen alternately biased horizontally (Fig. 7a) and vertically (Fig. 7b)by application o« 
voltages at the corner electrodes. The equipotential distributions illustrated in F,gs. 6 
,0 and7were generated using computer simulations with programs that solve 

Lap , a ce'sequa,ion for specified boundary conditions. In both cases illustrated ,n 
Flgs 6 and 7. the outside dimensions of the touchscreen are 2.7 X 3.6 inches, and 
,he touch region has a resistivity of 1000 ohms/square. The simulated touchscreen 
of Fig. 6 can be considered to be uniform in that the linear resistance along each 
15 band segment is uniform, whereas the simulated touchscreen of Fig. 7 can be 

considered to be non-uniform in that the linear resistance along each band segment 
is not uniform. 

[00057] For purposes of comparison, the dimensions of the bands in the 
respective uniform and non-uniform touchscreens were dimensioned and given 

Specifically.^ resistive band o, the uniform touchscreen is0.2 inches wide and has 
a resistivity o,214ohms,square. The resistive band o, the non-uniform touchscreen 
hasa resistivi,yof13 9 ohms,square. For each band segment in the non-uniform 
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and right band segments is 1 .714 inches, and the length of each of the tapered 
regions for the top and bottom band segments is 1 .286 inches. 

[00058] Even though the uniform and non-uniform touchscreens consume 

, in Figs. 8 and 9. the relative error Ec/AV in the comer regions has been improved. 
(As shown in Figs. 8 and 9, the relative Ec/AV is the correlated error relative to the 
correlated error for a touchscreen with perfectly linear equipotentia, lines.) That is, 
tn e uniform touchscreen o, Fig. 8 has a maximum relative error 0,2.62, whereas the 
non-uniform touchscreen of Fig. 7 has a reduced maximum relative error o, 2.1 . 
l0 [00059] Tablel sets forth the correlated error for the uniform and non- 

uniform touchscreens relative to the correlated error for a touchscreen with perfectly 
linear eouipotentia, lines. Tabie 1 also sets forth the fitting errors in inches us.ng 
five- and nine-term mapping polynomials for the touchscreens with no error 
otherwise. Smaller fitting errors indicate that the eguipotentials are a better fit and 
, 5 also indicate less nonlinearity at least in some region o, the touchscreen. Though 
the externa, resistance o, the respective touchscreens, and thus power consumpfion. 
are the same, the maximum correlated error has improved by 20 percent. 
Additionally, the maximum and RMS fitting errors for the five- and nine-term 
polynomial mapping have improved significantly. 
20 Ta W e 1 : Caicalated Charades o, UnKorm ^U^^^ 



Uniform (Fig. 6) 



Non-Uniform (Fig. 7) 
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0.013 



0.011 



9 Terms 



0.015 



0.008 



RMS 



0.002 
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[00060] The linear resistance of each band segment of a touohsoreen oan be 
varied in manners other than by varying the width along the length o, the band 
segment. For example, each band segment may have a uniform width, but have a 
hi gher conduct in the center .hampers to lower conductivities towards the 

oan be accomplished, for example, by adding the triicKness o, trie band segment 
(i .e., the dimension perpendicular to the plane of the touchscreen substrate 1 25) 
along its length. 

[00061, Alternatively, the linear resistance along at least a lengthwise portion 

el emen«s on the band segment and adjusting the size and spacing ofthe conductive 
elements to provide the desired conductance changes. For example, Fig. 10 
illu stratesa»ouchscreen 305 that comprises a resistive substrate 31 0 with a touch 
region 31 5, and a resistive band 320 that is disposed on the perimeter of trie 

further comprises electrodes 325 trie, functionally divide trie resistive band 320 ,n.o 
f0 ur band segments 330a-d around trie perimeter o, trie resistive substrate 310. 
Ea ch segment 330 comprises an array ofriighly conductive eiemen.s 335, with the 
resistive material o, trie segment 330 forming a resistive background for the 

310 (for example indium-tin-oxide (ITO» provides a par. o, the conducting patri of trie 

resistive band 320. Trie linear resistance of eacri band segment 330 can be 
controlled by varying trie width, length, thicKness, and/or spacing of the conductive 

elements 335. Alternatively, rather than varying trie linear resistance within a band 
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segment, conductive Cements can be used to provide different uniform linear 
resistances between band segments. 

[00062] The use o, the conductive elements 335 to control the linear 
distance of the resistive band 320 simplify manufacturing and manufacturing 

substrate or band material is greatly reduced. A common variation of resistivity in 
th esubs,ra,e resistive coating in.hetouoh region and between conductive elements 
335 causes anoveral, change in the resistanceof the touchscreen 305, butdoes no, 
alter the shape o, the eguipo.entia, lines. The princi P .e requirement is that 

should be accurately controlled to provide predictable fields for touch location. 

[00063] in order to provide the desired resistance o, the resistive band 320. 

size and spacing o, the conductive elements, as we,, as the resistivity of the 

electrical behavior in that the effective conductivity along the lengths of the 
conductive elements 335 is high, while the effective conductivity perpendicular to the 

lengths of the conductive elements 335 is moderate. 

[00064, To illustrate this point, reference can be made to Fig. 11. wh,oh 

conduce e,emen«s335onares,stivebacKground 350. In this case, the conduCve 
Cements 335 are shown as being uniformly spaced for purposes of simplicity. Each 
o, the conductive elements 335 has a dimension d, (representing the width o, the 
conductive element) extending along the .direction, and a dimension d 2 
25 presenting the length of the conductive element, extending along the y-direction. 
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The resistive bacKground 350 can be functionally divided into resistive segments 
355 eacb of wbicb bas a dimension d 3 (representing tbe widtb .be respective 
segment 355) extending aiong tbe , direction. Assuming tbat.be conductive 
eiements 335 are long compared .o .beir separa,ion, tbe resistance of .be band per 
unit lengtb in eacb direction can be approximated by p. - fpc + 0 - /k 

, where f is tbe fractional width of the conductive elements 335 (i.e., 



pc P 



the dimensiond,o,aconduc.ive element 335 divided by .be sum of .he dimension 
d3 of an adiacen. resistive segmen. 355 and .be dimensions of .be conductive 
element 335), pc is the resistivity of the conductive element 335, and p is the 
10 re sistivityo„heresis,ivebacKground350.lf.beva,ueoffisvery,ose.oone(as,s 

the case when .be desired value of Px is much lower .hanp), and .be sum of tine 
dim ensionsd, and d 3 .iskep. small enough .o approxima.e a guasi-con.inuous 
m edium, .ben ,ewid.bso, .be resistive segmen.s 355 can become very small and 
subjec. .o large percentage manuring variations. Of significance, reasonab,e 

ro n.ro, .be residence along .he resistive band 340. Thus, .be fractional wid,h f is 
preferably maintained we,, below uni.y, e.g., below 0,5, and preferably within tine 
ra ngeo,0,.o0,. In the resistive band 340 illustrated in F* 11. <he fractional 

width f is approximately 0.35. 

,00065, Notably, the effective resistivity of .be resistive bacKground 350 is 

ratl0 s of .he .ouchscreen width „he band-segment width o,0, and M rom 0.5 to 
2th e fractional wid.bfdrops from 0,.o0,, assuming .he resistive bacKground 350 
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is coextensive with the resistive ma.eriai of the touch region 315 . If the resistive 
background 350 has a lower resistivity than the resistive material that forms the 
touch region 31 5, the preferred fractiona, width f will drop even lower, as explained in 
further detail below. 

5 [00066] When applied to a touchscreen, the equipotentials over the 

touchscreen can be calculated in a continuum limit if the number of conductive 
elements 335 is increased, while maintaining the same fractional width f. In this 
case, the resistive band 340 becomes effectively homogenous, although anisotropic. 
Despite this anisotropy, standard finite-element-oifference methods can then be 
,0 used to calculate the equipotentials. (A useful computational trick is to transform the 
dimensions of the anisotropic resistive band 340 into an equivalent isotropic case, 
wherein the equivalent band width would be reduced by a factor of >• * e 
effective conductivity of the equivalent isotropic resistive band becomes ^ (PyP x >. 
[00067] It should be noted that although the conductive elements 335 are 
15 technically discrete elements, the spacing between the conductive elements 335 as 
compared to the length of the band segments 330 is relatively small, resulting in a 
resistive band that is electrically quasi-continuous. For the purposes of this 
specification, a portion o, the resistive band segment 330 is quasi-continuous if the 
width of the resistive segments 355 within that portion (i.e., the spacing between the 
20 adjacent conductive elements 335) is less than 2% of the length of the 

corresponding band segment 330. In the preferred embodiment, the width of the 
resistive segments 355 is less than 1 % of the length of the corresponding band 
segment 330. 
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[000681 The significance of having a puasi-continuous band in a touchscreen 
ist ha<,heedgeso,theworKab,e.ouch region - he spacedfrom .he resistive hand 
every small distance, rough, egualtothe periodic spacing (d, + d 3 ) between 
conductiveelementsorperhapstmm, thereby providing a greater workable touch 

^vebandsusedbythepreviou.ydeschbedtouchscreensiOSahd.oa.aswel, 

as the touchscreens described in U.S. Patent Application Ser. No. 09/262,909, will 
^inatoucriscreenwithaworKabletouchregionthateKtendsalithewaytothe 

10 resistive band, providing a maximized touch region. 

[00069] If a resistive band is to have a non-uniform linear resistance, such as 
resistive band 320 illustrated in*, 10, the fractional width , of the electrically 
conductiveelementssaswillnotbeuniformincontrasttotheresistiveband 

e«ec,ive resistivity and anisotropy of the resistive band 320. Accordingly,*, 

variance must be taKen into account when calculating the resistance along the 

resistive band 320. 

[0007 0, Foraresistive band withauniform linear resistance, the fractal 

ra ,io n is determined by the resistivity p of the resistive bacKground, assuming that 
p> > PcFo ralow,ower,hig,resistance,touchscreen, the conductive eiementscan 

, ong as the resistance rations relatively high, the fractional widthfcanbe 
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stained atarelatively low value, thereby allowing the resistance o, the resistive 

band to be more precisely controlled. 

[00071] For example, Fig. 12 illustrates horizontally and vertically biased 
^potential distributions onacompu.er simulated touchscreen These equipotentia, 

Laplace's equation for specified boundary conditions. The touchscreen is 2.7" X 
3 6". the resistive substrate has a resistivity of 10000/square, and the resistance 
ra tio p is 2.8. The resistive band has a 0.2" width and is composed of uniformly 
spaced, parallel conductive elements disposed along the periphery o, the resistive 

8580 touchscreen resistance using an equivalent continuous isotropic resistive 
band. 

[00072] It should be noted that, for touchscreens in which very narrow 
p^ders are desired.alow resistance ratiopmay be d^cult to achieve by applying 
15 the conductive elements onto the material from which the resistive substrate is 
composed, since the fractional widthfofthe conductive elements would approach 
unitythusmaKingtheprecisecontroloftheresis^ncedimcul, in this case, the 
resistive band can be further composed of a continuous matenal having an 
intermediate resistivity between that of the electrodes and the touch region-sim„ar 

pands described in U.S. Paten, Application Ser. No. 09,262,909. The provision of 
the underlying intermediate resistive material thus allows the fractional widthfofthe 
conducive elements to be lowered, e.g., to a value within the range from 0.2 to 0.8. 
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[00073] It should also be noted that the conductive elements need not 
necessarily be continuous themselves, i.e., formed of linear lines. Alternatively, the 
conductive elements may be composed otaseries of dots, dashes, or any other 
shape that provides greater conductivity along the width o„he band, as compared to 

330 is illustrated as being quasi-continuous along its entire length, lessthan a„ ofthe 
band segments 330 can be quasi-continuous (e.g.. jus, the top and bottom band 
segments 330c and 330d), or less than the entire lengths ofthe band segments 330 
can be quasi-continuous. 

[0 0074] The use of resistive bands of intermediate resistivity materia, lends 
it selfwe,l«o,ouchscreenswi,hnon-rectangulargeome,ries. In particular, it is difficult 
t0 generalize the current resistive touchscreen technologies, which have been 
Sloped in Cartesian space, to surfaces with arbitrary geometry, which cannot be 
easily placed in Cartesian space. For example, the application of uniform voltage 
15 gra dien,s(i.e.,lineare q uipotentia„ines)is,imitedtoreotangu,ar,ouchscreens,,n 

which case, the design of non-rectanguiar touchscreens necessarily invoKes non- 
par architectures. Due to their odd geometries, these non-rectangular 
(oucnscreens will, in many cases, suffer non-linearity problems greater than those o, 
recta ngulartouchscreens. For non-rectangular geometries, we derine a resistance 
20 rati opforeachsideorbandsegmen,e q ua„o,heresistanceo,tha,sideorband 

segment divided by the resistivity (Ohms/square) of the touch region. 

[00075] F,g. 13 illustrates a touchscreen 405 with a triangular geometn, The 
tou chscreen 405 comprises a resistive substrate 410 with an equilateral triangular 
perimeter and touch region 415, and a resistive band 420 that is disposed on the 
25 perimeter of the substrate 410 in order to frame the touch region 415. The 
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touchscreen 405 further comprises three electrodes 425a-c , ha, are respect 

t ouchregion415. The resistive band 420 is divided into three band segments 430a- 
o by the three eiectrodes 425a-c. Like the previousiy described resistive bands, the 
5 resistive band 420 has an intermediate resistivity between the tow resistivity 
electrodes 425a-c and the high resistivity touch region 41 5. 

[0 0076, Three voltage excitations can be applied to the touchscreen 405 by 
applyingavoitage to one o, the eiectrodes 425 and grounding the remaining two 
e,ec«rodes425. Specifically, a first voltage gradient can be generated by applying a 
, 0 V o,»age t oe,ectrode425a,whi,egroundingelectrodes425band425c. Asecond 
vo „age gradient can be generated by applying a volfage to electrode 425b, while 
grounding electrodes 425a and 425c. A third voltage gradient can be generated by 
a p P ,yingavoltage.oe,ec,ode425c,whi,egroundinge,ectrodes425aand425b. ,n 

a similar manner described above with respect to the touchscreen 105, the 

with a third intersecting eguipotentia, ,ine providing redundancy to improve the 
accuracy of the mapping process. 

[00077] Alternatively, only two voltage excitations are applied to the 
touchscreen 405 by applying a voltage to one ofthe electrodes 425 and grounding 

electrodes 425 and grounding the remaining two electrodes 425. Even more 
alternatively, three voltage excitations can be applied to the touchscreen 405, but 
only two o, the three voltage gradients will be used, the selection of which will 
aependonwhichcornerregionistobemapped. That is, the two voltage gradients 
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are se,ec.ed to map .ha. corner region. For each of .he o.her .wo corner regions, 
.wo voltage gradients, one of which may not be a voltage gradient that was used to 
maP the firs, comer region, can be selected. Of course, the remaining voltage 
gradients, has not been selected can be used to provide redundancy to improve 
5 the accuracy of the mapping process. 

[00078] Fig. 14 illustrates a touchscreen 505 with a hexagonal geometry. 
The touchscreen 505 comprises a resistive substrate 510 with an equilateral 
hexagonal perimeter and touch region 515, and a resistive band 520 that is disposed 
on the perimeter of the substrate 510 in order to frame the touch region 515. The 
,0 touchscreen 505 further comprises six electrodes 525a-f that are respectively 

iocated in the six corners of the substrate 510 in electrical communication with the 
touch region 515. The resistive band 520 is divided into six band segments 530a-f 
by the six electrodes 525a-f. The resistive band 520 has an intermediate resistivity 
between the low resistivity electrodes 525 and the high resistivity touch region 515. 

[00079] Three voltage excitations can be applied to the touchscreen 505 by 
applyingavoltageto one o, three selected pairs of electrodes, grounding the pair o, 
electrodes opposite the selected pair of electrodes, and floating .he remaining pair of 

electrodes. For example, a flrs. voltage gradient can be generated by applying a 
voltage to electrodes 525a and 525b, grounding electrodes 525d and 525e and 

applying a voltage to electrodes 525a and 525,, while grounding electrodes 525c and 
525d and floating electrodes 525b and 525e. A third voltage gradient can be 
generated by applying a voi.age to electrode 525e and 525,. while grounding 
electrodes 525band525c and floating electrodes 525a and 525d. The intersections 
25 o, two equipo.en.ial lines can .hen be mapped to unique coordinates, with the th,rd 

1Q 
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intersecting equipo.en.ia, line being used to improve the accuracy of the mapping 
process. 

[00080] Similar to the triangular touchscreen 405, only two voltage 
excitations may be applied .0 the touchscreen 505. or three voltage excitations can 

comer region is to be mapped. O, course, more than three voltage gradients may be 

generated to provide even more redundancy to the mapping process. 

[00081] Fig. 15 illustrates a touchscreen 605 with a distorted pentagonal 
geometry. The touchscreen 605 comprises a resistive substrate 61 0 with an curved 
,0 pentagonal perimeter and touch region 61 5. and a resistive band 620 that . 

disposed on the pedmeter of the substrate 610 in order to frame the touch region 
615 The touchscreen 605 further comprises five electrodes 625a-e that are 
respectively located in the five comers of the substrate 61 0 in electric, 
ro mmunica,ionwiththetouohregion615. The resistive band 620 is divided into five 

has an intermediate resistivity between the low resistivity eiectrodes 625 and the 

high resistivity touch region 615. 

[00082] Itcanbeappreciatedthatthecurvedgeometryoftheband 

segments 625a-e results in eguipo.ential lines that are even more non-linear. The 
20 resistive band 620 has an intermediate resistivity between the low resistivity 
electrodes 625 and the high resistivity touch region 615. 

[000831 Many possible voltage excitations can be applied to the touchscreen 

floating, thus giving 3~ combinations for N electrodes. Typically, only some subset of 
25 fl.esecombinationswilibeusedinpractice. For example, a first voltage gradient 
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can be generated by applying a voltage to electrodes 625a and 625e, grounding 

can be generated by applying a voltage to electrodes 625a and 625b, while 
grounding electrodes 625d and 625e and floating electrode 625c. A third voltage 

mounding electrodes 625c and 625d and floating electrodes 625e. The intersections 
o, two eguipotential lines can then be mapped to unique coordinates, with the th.rd 
equipotentia, line being used to improve the accuracy o, the mapping process. 
[00084] Similar to the triangular touchscreen 405, only two voltage 

be applied to the touchscreen 605, bu, only two wil, be selected based on the which 
corner region is to be mapped. Again, more than three voltage gradients may be 

generated to provide even more redundancy to the mapping process. 

[00085] Fig. 16 illustrates a sphere 700 that is tiled with eight identical touch 
, 5 sensors 705, each of which has a non-planar triangular geometry. The sphere 705 
can beaportionofarobo. or any Cher apparatus that requires a touch location to 
be calculated when the sphere 700 is touched. Each touch sensor 705 comprisesa 
resistive substrate 710 with a triangular perimeter that is disposed in a non-planar 
surface, and particulariy in a spherical surface. The resistive substrate 7 1 0a,sohas 

any graphics, and thus, the touch region 715 can be opaque. As with the previously 
described planar triangular touchscreen 405, each touch sensor 705 further 
comprises a resistive band 720 that is disposed on the perimeter of the substrate 
710 in order to frame the touch region 715. Each touch sensor 705 further 
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of the substrate 710 in electrical communication with the touch region 715. The 
resistive band 720 is divided into three band segments 730a-c by the three 
electrodes 725a-c. 

[00086] It can be appreciated that the use of a resistive band in the above- 

.necornersottherespectivetouchscreens. Further improvement can be achieved 
by providing the resistive band with a non-uniform linear resistance, e.g., by 
designing each band segment, such that it has a varying iinear resistance along its 
length (similar to the touchscreens 1 05 and 305). 

[00087, The use of resistive bands in touchscreens and touch sensors, and 
especially those with non-uniform linear resistances, may provide benefits other than 

moving the topological equivalents between the equipotential space and the 
Cartesian space (or other coordinate system). For example, when using mapp.ng 
polynomials, the number of terms used can be reduced, e.g., from ninetofive, 

.Penumberofpointsstoredin.heLUTcanbereduced.lnthismanner.theamoun, 

of processing and/or the size of the LUT can accordingly be reduced. 

[00088] This also has the secondary benefit o, simplifying dynamic correction 
techniques, which are used to corrector materia, and manufacturing variances and 

properties and manufacturing details that are subject to variances include average 
touchscreen conductivity, gradients in touchscreen conductivity, resistive-band 
conductivity, resistive-band width, and the iiKe. These areaconcern for touchscreen 
accuracy and can be rigidly controlled with consequent increases in manufactunng 
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, owe r-cos,touchscreens can be produced and the accuracy o, the touchscreen can 
be maintained over a long duration in spite of aging effects. 

[00089, Computer simuiations have shown that common types of material 
and manufacturing variances can be def,ned and that mapping parameters can be 

or automatically performed to provide information about the nature and extent of 
vadanoesfromnominaltouchscreen performance. For example, by applying various 

voltages tothe electrodes using the controller electronics, measurements o, current 
.owing to those electrodes or of the potential measured on unbiased electrodes can 

„ be made. Additionally, touches a, Known positions could also supply information. 
These measurements can then be used to generate corrections to the nominal 
mapping algorithms. Significantly, the use of non-uniform resistive bands can 
simplify this correction processing by reducing the number of terms in the case o, 
polynomial mapping, or reducing the number of points in an LUT if that is used to 

are disclosed inU.S.Paten, Application Ser. No. 10, 2 46,0 59 , which is expressly 
incorporated herein by reference. 

[00090] Although particular embodiments of the present invention have been 
shown and described, it should be understood that the above discussion is not 

in fte art will appreciate that various changes and modifications may be made 
without departing from the spirit and scope of the present invention. Thus, the 
prasent invention is intended to cover alternatives, modifications, and eguivalents 
ftat may fall within the spirit and scope of fte present invention as defined by the 
25 claims. 



